Introduction
[2] The discovery of a tenuous atmosphere and a plume of water, carbon dioxide, methane, and possibly nitrogen erupting from warm and tectonically and volcanically active regions near Enceladus' south polar terrain [Waite et al., 2006; Spencer et al., 2006; Porco et al., 2006] confirms that Enceladus ranks alongside Io (and possibly Triton) as one of the few currently geodynamically active satellites in the solar system. Based on Voyager images, Enceladus was known to have been extensively resurfaced in the past, with regions of relatively smooth terrain, ridges, troughs, and fissures [Squyres et al., 1983; McKinnon, 1985] . The main source of heat for volcanism on Enceladus is undoubtedly tidal dissipation, maintained by its 2:1 mean motion resonance with Dione [Murray and Dermott, 1999] .
[3] Given the current understanding of tidal dissipation in icy satellites, however, it is unclear how the interaction between the tidal forces acting on Enceladus drives the activity concentrated at its south pole. An upper limit on the global amount of (steady-state) tidal dissipation within Enceladus is about 1 GW [Meyer and Wisdom, 2007] , but the estimated heat flow from the south polar terrain alone is 3-7 GW . In addition, tidal dissipation, if this is the driving force, appears to be concentrated in a single region at the south pole rather than distributed throughout the ice shell. Yet, current tidal dissipation models [e.g., Ojakangas and Stevenson, 1989; Tobie et al., 2005] imply that dissipation should be concentrated in warm ice or rock deep inside Enceladus, and should be broadly distributed as a function of latitude and longitude within Enceladus. Some thermal, compositional, or mechanical anomaly apparently must be present in the ice shell to localize the tidal heating.
[4] Nimmo and Pappalardo [2006] suggest that Enceladus' activity is located close to its south pole because a large density perturbation in its ice shell and/or rocky interior associated with the activity may have caused the satellite to ''roll over'' to place this region on its rotation axis. Solid state convection, perhaps coupled with or driven by tidal dissipation, may provide density perturbations. Compositional buoyancy, due to spatially varying salt content in Enceladus' ice shell may also provide density perturbations Nimmo and Pappalardo, 2006] , but such compositional variation is speculative at present.
[5] Consideration of the heat flux at Enceladus' south polar terrain suggests that some kind of rheological anomaly formed in its ice shell, resulting in the spatial localization of tidal dissipation. Additionally, convection in Enceladus' outer ice I shell would regulate the temperature, and thus, viscosity in its interior, which affects not only the total amount of tidal dissipation, but also where it could occur in the satellite's interior. Implicit in our model is the idea that if the activity in Enceladus' south polar region is indicative of an interaction between tidal flexing and Enceladus' heterogeneous interior structure, this interaction over the long term (or primordial mechanisms) provided enough heat to cause Enceladus to differentiate into a rocky core, a relatively rock-free ice shell, and possibly, a liquid water ocean (with or without ammonia). Without an ocean, sufficient tidal dissipation is less likely for Enceladus [Ross and Schubert, 1989] . Here, we discuss the likely interior structure of a differentiated Enceladus, the likelihood of solidstate convection starting, and possible ways of localizing tidal dissipation. We address several key questions: (1) ; the mean radius, obtained from the best fit triaxial ellipsoid is 252.1 km [Porco et al., 2006] . We assume full differentiation. Calculations with ICYMOON [Mueller and McKinnon, 1988] suggest two end-member structures for a differentiated Enceladus. If its core still contains hydrated silicates, this core would have a radius of %170 km and a density of %3200 kg m
À3
, assuming solar composition for the rock abundances. This implies a solid H 2 O layer of %85 km. If Enceladus was heated sufficiently so that its silicate component completely dehydrated, its rocky core would have a radius of %160 km, with a density of %3700 kg m À3 (Figure 1 ).
Can Enceladus Convect?
[7] Voyager-era studies of convection in icy satellites [e.g., Squyres et al., 1983 ] used a parameterized approach, using algebraic relationships between thermal and physical properties of ice and the vigor of convection [see McKinnon, 1998 ]. In the last two decades, the temperature-, stress-, and grain size-dependence of ice viscosity has been characterized in detail through laboratory experiments [Goldsby and Kohlstedt, 2001; Durham and Stern, 2001] . The critical Rayleigh number for the onset of convection in a fluid with a temperature-and stress-dependent viscosity has been characterized by Solomatov [1995] , and explored numerically by Solomatov and Barr [2006] , and for specific rheologies appropriate for ice I shells of large satellites by Barr et al. [2004] and Barr and Pappalardo [2005] . We examine the likelihood of triggering convection by a localized heating event on Enceladus, following these works, as well as McKinnon [2006] , who examined the role of diffusion creep in icy satellite convection.
[8] Strain in ice I is accommodated by three microphysical deformation mechanisms, resulting in a composite flow law for ice [Goldsby and Kohlstedt, 2001; Durham and Stern, 2001] ,
where _ e is the strain rate from volume diffusion (diff ), grainsize-sensitive creep (gss), which may occur via grain boundary sliding (GBS), and dislocation creep (disl). The strain rate from each deformation mechanism depends on temperature, stress, and grain size as [Goldsby and Kohlstedt, 2001] ,
where A is the pre-exponential constant, s is stress, d is the ice grain size, Q* is the activation energy, R is the gas constant, T is temperature, and n and p are the experimentally determined stress and grain-size exponents.
[9] A thermal anomaly of amplitude dT acting over a vertical length scale h in Enceladus' ice shell will give rise to a thermal buoyancy stress
where a is the coefficient of thermal expansion, r is the density of ice ('920 kg m À3 ), and g is the local gravitational acceleration (g = 0.11 m s À2 at the surface, increasing to $0.15 m s À2 at the base of the shell). Such driving stresses are quite low, so in the absence of strong tidal stresses, strain during the onset of convection is likely accommodated by volume diffusion. For larger grain sizes, however, strain during the onset of convection, or in the convective sub-layer of an already convecting shell, may be accommodated by grain boundary sliding. Grain-sizeinsensitive dislocation creep requires much larger stresses to activate [see Durham and Stern, 2001, Figure 5 ], so we neglect it here.
[10] In an ice shell with a composite rheology, deformation during the onset of convection is controlled by the microphysical deformation mechanism that predicts the largest strain rate (or equivalently, the smallest viscosity) close to the base of the ice shell [Barr and Pappalardo, 2005] . The convective stability criterion for the warm base of the ice shell [Solomatov, 1995] , and by extension, the entire ice shell is [Barr and Pappalardo, 2005] , Figure 1 . Radially symmetric models of the interior structure of Enceladus based on solar composition rock (for compositional details see Mueller and McKinnon [1988] ) and updated abundances [Lodders, 2003] . In each case a pure ice I shell is shown; an internal ocean/ aquasphere may exist at the base of the ice shell, but thicker oceans imply somewhat smaller rock cores. Mass fractions are 0.56 (anhydrous) and 0.59 (hydrated). Pressure effects on density are minimal within Enceladus, and the range of ice shell thickness is indicative of the effect of varying core rock density.
Because Ra / D (n+2)/n , the minimum ice shell thickness where convection can occur is
[11] We treat the ice layer as heated from below. This applies to radiogenic and tidal heating from the core, and to tidal heating in the ice, which is concentrated near the base of the (conducting) ice layer at Enceladus' forcing period of 1.37 days [see Ojakangas and Stevenson, 1989] .
[12] In a Newtonian fluid, the critical Rayleigh number (Ra cr ) at the onset of convection from infinitesimal-amplitude temperature perturbations is related to the rheological parameter q % 2 Q* DT/RT i 2 [Solomatov and Moresi, 2000; McKinnon, 2006] . In the expression for q, T i is the temperature in the approximately isothermal convecting interior, which can be approximated as the basal temperature of the ice layer, DT is the temperature difference across the layer, T b -T s , and the factor of 2 is specific to Enceladus and accounts for the temperature-dependent thermal conductivity of ice I and the curvature of Enceladus' ice shell (the former being more important) [McKinnon, 2006] . The value of Ra cr is related to q [Solomatov, 1995] Ra cr ¼ 20:9q 4 :
In the limit of large initial temperature perturbations, the critical Rayleigh number is Ra cr,min $ fRa cr [Solomatov and Barr, 2006] , where f < 1 for a Newtonian fluid. This smaller value of Rayleigh number may be physically interpreted as the minimum Ra where convection can continue if it had been started in the past. If Ra cr > Ra > Ra cr,min , convection can start provided a sufficiently large thermal perturbation evolves in the ice layer.
[13] We first assume that the basal temperature is the melting temperature of pure water ice ('270 K), and the surface temperature of Enceladus is '70 K, which gives DT = 200 K. For volume diffusion, Q* = 59.4 kJ mol À1 , and q $ 39, which gives a (rather large) viscosity contrast of exp(q) = 9 Â 10 16 , which implies f $ 0.5 [see Solomatov and Barr, 2006, Figure 5] . These parameters give Ra cr $ 5 Â 10 7 and Ra cr,min $ 2.5 Â 10 7 . To determine the values of shell thickness where convection is possible, we compare the Rayleigh number at the base of the ice shell,
where A = 1.1 Â 10 À10 m 2 Pa À1 s À1 for T b = 270 K, and p = 2 [McKinnon, 2006] , to the critical Rayleigh numbers, Ra cr and Ra cr,min for volume diffusion. This gives an expression for D cr ,
where f is a numerically derived factor [Solomatov and Barr, 2006; Barr and McKinnon, 2007] [Kirk and Stevenson, 1987] . If f = 0.5, equation (8) gives the smallest D where convection can continue or can be triggered from a large temperature perturbation; likewise if f = 1, equation (8) gives the D value where convection will begin in an ice shell with infinitesimal amplitude temperature fluctuations above or below conductive equilibrium. Given that volume diffusion is Newtonian, the latter limit corresponds to the critical Rayleigh number as most generally understood.
[14] If strain during the onset of convection is accommodated by GBS, which is non-Newtonian, a finite-amplitude temperature perturbation is required to start convection in the ice shell. The critical Rayleigh number for GBS, therefore, represents the absolute minimum Ra where convection can continue, or where convection can be triggered from a large temperature perturbation Solomatov and Barr, 2006] . The critical Rayleigh number is related to the rheological parameters as [Solomatov, 1995] . For GBS, Q* = 49 kJ mol
À1
, which gives q $ 32 and a viscosity contrast across the convecting layer of Dh = 8 Â 10 Pa À1.8 s À1 for GBS [Goldsby and Kohlstedt, 2001] , the critical ice shell thickness is 
[16] For a non-Newtonian rheology, there is no minimum critical ice shell thickness for which convection must start. Rather, equation (11) refers to the minimum ice shell thickness in which convection can occur at all, and even then for the optimal, finite-amplitude thermal perturbation. For Ra 1 that increasingly exceed Ra cr , however, the thermal perturbation necessary to trigger convection decreases .
[17] Figure 2 (8) and (11) for d. In our calculations, we evaluate a and k as functions of T b , and for volume diffusion, A = 1.1 Â 10
, the value of d cr appropriate for a composite rheology is the maximum among the d cr values for each constituent rheology, d cr = max(d cr,diff , d cr,gbs ). For a broad range of T b from 170 to 273 K (where 175 is the ammonia-water peritectic temperature), we find that convective stability is controlled by the volume diffusion rheology, and that d cr in a 100 km thick ice shell achieves unphysically small (d < 0.01 mm) for T b < 220 K. Thus it is unlikely that Enceladus retains such a cool, ammoniabearing ocean while ice shell convection occurs (this does not imply convection does occur, only that the two are incompatible).
[20] The initiation of ice convection within Enceladus should be seen as possible, but marginally. Perhaps we should not be so surprised that a good fraction of its surface (the northern latitudes) has seen much less geologic activity (mostly crater relaxation). We note that in a basally-heated fluid with a strongly temperature-dependent viscosity, convective instability is controlled by the behavior of a basal sub-layer of fluid of thickness z sub $ (4(n + 1)/q)D [Solomatov, 1995] , which for the rheologies considered here is $20 to 35% of the shell thickness, or for D = 100 km, z sub $ 10% of Enceladus' radius. For such a relatively thin actively convecting layer near the threshold of convective instability, the modification to q discussed above is adequate.
Convective Heat Flux
[21] Because convective strain is accommodated by volume diffusion, the dimensionless convective heat flow, or Nusselt Number (Nu), is related to Ra 1 and q as [McKinnon, 2006] Nu ¼ 1:63Ra
for Ra 1 near (but greater than) Ra cr . The convective heat flow is
where R s is the radius of Enceladus, so
[22] For D = 100 km, convective heat flows range from 11 mW m À2 for d = 0.1 mm to 7.5 mW m À2 for d = 0.3 mm. We note that our calculated heat flows are an order of magnitude less than the flux measured by the Cassini CIRS instrument . This implies that basally heated, solid state convection alone cannot deliver the power output at Enceladus' south pole, so another heat source is required. Our heat flows are, however, in line with earlier, parameterized convection estimates by Squyres et al. [1983] , who assumed a basal viscosity of 10 13 Pa s (corresponding to volume diffusion and d = 0.1 mm), but who could not specify the thickness of the convecting sublayer.
Discussion
[23] Solid-state convection may play a role in the overall evolution of Enceladus by providing thermal and rheological anomalies that distribute tidal dissipation in its ice shell. Convection also regulates the thermal state of Enceladus' interior, so determining whether convection can occur or not is a key issue to understanding its evolution. Convective initiation is possible in the ice shell of a differentiated Enceladus, provided the ice grain size is extremely small, 0.3 mm. Grain sizes may be kept small by small rock particles (which keep ice grain sizes in terrestrial cores at $0.5 to 5 mm via grain boundary pinning [Barr and McKinnon, 2007] ). A substantial fraction of plume particles may contain a small amount (<1 wt.%) silicates (F. Postberg et al., The E ring in the vicinity of Enceladus. II: Signatures of Enceladus in the elemental composition of E-ring particles, submitted to Icarus, 2007). Other plausible ''pinning'' contaminants include salts, hydrated sulfates, and clathrates, all of which would be rigid compared with water ice. We note that if the ice shell is dominated by clathrate [Kieffer et al., 2006] , it would be too stiff to convect, based on existing rheological measurements [Durham et al., 2003] . Conversely, larger-grained water ice may have a lower viscosity than we have estimated, if it contains small amounts of liquid (e.g., brine).
[24] Tidal dissipation can only contribute substantially to Enceladus' overall heat budget if its ice shell can be deformed by tidal forces. The response of an ice shell to the tidal potential depends on its relative thickness D/R s , and on the ratio of its rigidity to satellite self-gravity, expressed by g = (m/rgR s ), where m = 3.5 Â 10 9 Pa is the ice shear modulus [Peale and Cassen, 1978] . For Enceladus, g $ 100, and the tidal deflection of a conductive shell is very low, even in the presence of an ocean [Ross and Schubert, 1989] . The tidal deflection, and heating, may be much greater if the bulk of the shell has a low enough viscosity [see Schubert et al., 1981, equation 2] . Therefore, solid-state convection may play a role in initially advecting heat into the ice shell so that it reaches a temperature where it can deform tidally, become dissipative, and heat further (a further argument against a cool, ammonia-bearing ocean; cf. Hussmann et al. [2006] , p. 271).
[25] If a density anomaly due to localized tidal heating causes Enceladus to roll over to its current configuration [Nimmo and Pappalardo, 2006] , tidal dissipation would continue to pump heat into this region. Concentrated heating could trigger melting either within the ice shell [Tobie et al., 2005] or at the base of the shell [Ojakangas and Stevenson, 1989; Moore, 2006] , which may explain why the overall shape of Enceladus and its long-wavelength topography are consistent with a depression at its south pole [Collins and Goodman, 2006] . Tidal heating can also concentrate at the poles ab initio [Peale and Cassen, 1978; Ojakangas and Stevenson, 1989] , and in this case no roll over is required.
[26] The 5.8 ± 1.9 GW of excess power estimated by Spencer et al. [2006] from the southern polar region would, if globally distributed, be equivalent to 7.2 ± 2.4 mW m À2 .
This average flux is comparable to that expected from bottom-heated convection on Enceladus (equation 14), but would require interpreting the convection as unitary (degreeone) in plan, which would not be expected in the geometry of Figure 1 . A more self-consistent explanation takes the entire south polar terrain (poleward of 55°S) as the intensely deformed surface of a tidally heated convection cell, implying a high Nu in the $5 -15 range. In future work, we will consider the ramifications of such convection.
